Acetylcholinesterase (AChE) that has been covalently inhibited by organophosphate compounds (OPCs), such as nerve agents and pesticides, has traditionally been reactivated by using nucleophilic oximes. There is, however, a clearly recognized need for new classes of compounds with the ability to reactivate inhibited AChE with improved in vivo efficacy. Here we describe our discovery of new functional groups-Mannich phenols and general bases-that are capable of reactivating OPC-inhibited AChE more efficiently than standard oximes and we describe the cooperative mechanism by which these functionalities are delivered to the active site. These discoveries, supported by preliminary in vivo results and crystallographic data, significantly broaden the available approaches for reactivation of AChE.
Introduction
Acetylcholinesterase (AChE), a key enzyme in regulation of neurotransmission, catalyzes the hydrolysis of the neurotransmitter acetylcholine (Scheme 1A). The enzyme is vulnerable to organophosphate compounds (OPCs), which readily phosphylate ("phosphylate" denotes both "phosphorylate" and "phosphonylate") the highly nucleophilic hydroxy group of the serine residue of the catalytic triad of AChE (Scheme 1B). [1] OPCs are commonly used as pesticides or military-grade nerve agents. Shown in Scheme 1C are the common pesticides paraoxon (1, the toxic metabolite of the pesticide parathion) and diisopropylfluorophosphate (DFP, 2), and the nerve agents sarin (3) and soman (4). The overwhelming formation of OPC· AChE adducts in vivo triggers a cholinergic crisis, resulting from the accumulation of acetylcholine and overstimulation of receptors in synapses.
Whereas the threat of a nerve agent attack on the civilian population has remained largely theoretical, the broad use of the pesticides in agriculture leads to a large number of cases of pesticide poisoning [2] in the developing world. A lack of accurate reporting makes the data on the actual number of fatalities due to OPC toxicity difficult to determine, [3] but the World Health Organization (WHO) recognizes this as a significant problem that needs to be addressed. [4] Thus, there is a combination of a well-recognized need to expand treatment options for pesticide poisoning [3] and an interest in introducing therapies that would be effective in the case of mass civilian exposure.
Currently, the only available treatment is administration of atropine (to block cholinergic receptors) in combination with an oxime to reverse the inhibition by nucleophilic reactivation (Scheme 1B). [5] Nucleophilic reactivation was first proposed over sixty years ago by Wilson [6] and is based on the transfer of the phosphylated group from OPC·AChE adducts to oxygen in the oxime. The archetypical oxime-pralidoxime (5, 2-PAM, Figure  1A ) [6b] -is currently used for treatment in the United States and is actually the minimal structure that can act both as a nucleophile and as an anchoring group to position the oxime within the active site. The positively charged pyridinium component of 5 interacts with the anionic binding site (Trp86, amino acid numbering given for human enzyme) [7] and positions the oxime for nucleophilic attack, with maximum activity achieved at concentrations that are in the high micromolar to millimolar range.
The affinity of 5 can be improved by anchoring it to the peripheral anionic site (PAS); [8] this has led to the design of advanced oximes that are efficient at low micromolar concentrations with more sterically hindered nerve agents. [9] However, these are associated with more severe side effects, and are also stronger inhibitors of native AChE. Recent studies on ways to improve delivery to the central nervous system (CNS) have focused on the development of alternative uncharged species. [10] (Scheme 1B), have been widely recognized. [5a,13] In order to expand the panel of functionalities available for reactivation beyond this single class, we undertook a combination of extensive screening and medicinal chemistry to identify new functional groups.
Results and Discussion

Screening result-Amodiaquine reactivates inhibited AChE
Initially, we screened a library containing 2000 bio-active compounds and approved drugs (for details of the screening platform see Figure S1 in the Supporting Information) and identified two compounds: the antimalarial drug amodiaquine (ADQ, 6, Figure 1A ) and scopoletin (7) . Scopoletin had only slightly lower activity than pralidoxime (5) in recovering paraoxon-inhibited AChE ( Figure 1B) ; however, it did not reactivate DFP-inhibited AChE ( Figure S2 ), and therefore we focused on 6, which was significantly more active. Reactivation rate constants for 6 were consistently faster than with 5 ( Figure 1C and Figure  S3 ) and it facilitated the recovery of human, mouse, and guinea pig isoforms of 1-inhibited AChE ( Figure 1D ). See the Supporting Information for details on experimental determination of kinetic rate constants: kinetic parameters are listed in Table S1 , and controls, showing negligible background hydrolysis of substrate due to just the compound under identical reaction conditions, can be found in Figure S4 .
Mannich phenol is a minimal reactivating functionality in ADQ (6)
Although preliminary in vivo studies with ADQ (6) were encouraging ( Figure S5 ), we did not pursue its further development because it was active at doses that would be considered unsafe for broad prophylaxis, due to reported cases of hepatotoxicity and agranulocytosis, [14] as a result of p-aminoquinone metabolite formation in liver and white blood cells. [15] Instead, we decided to investigate further which part of the molecule was responsible for reactivation. We noticed during our continued screening that other hits had a common functionality with ADQ (6): 2-(diethylaminomethyl)phenol (Mannich phenol), which was attached to different hydrophobic groups (see compound 8 in Figure 2 and Figure S6 for the related hits 8a and 8b). Thus, we explored the role of Mannich phenols in reactivation, by testing various analogues ( Figure S7 , compounds 8c-q), discovering in the process that 4-amino-2-(diethylaminomethyl)phenol (ADOC, 9), which is ADQ without the hydrophobic anchor, reactivated OPC-inhibited AChE (Figures 2 and S8 ), thus indicating that this group is responsible for reactivation. ADOC (9) was also of particular interest because it lacked the hydrophobic anchor that is responsible for the toxic effects (agranulocytosis) on white blood cells, and thus it was likely to be less toxic in vivo (similarly to paracetamol).
Upon further characterization, we determined that only ADOC (9), but neither of its positional isomers with the amino group in the 5-or 6-positions (compounds 9a and 9b in Figure S9 ), was capable of reactivating 1-inhibited enzyme. In addition, we tested an analogue with the hydroxy functionality blocked by a methyl group (compound 9c, Figure  S9 ) and found that it was inactive.
The following immediately stood out upon full kinetic characterization of reactivation by ADOC (9):
1)
The apparent rate constants (k obs ) were exceptionally high in comparison with pralidoxime (5, Figure 2B ) at concentrations above ≈10 μM until they reached saturation. At saturation, the maximum rate constant for reactivation (k 2 ) of 1-inhibited human AChE by ADOC (9, ≈0.14 min −1 ) was similar to the reported k 2 value for 5 (≈0.27 min −1 ). [16] 2) A much lower concentration was needed in order to reach k 2 than for 5. The K R value of 1-inhibited human AChE was ≈ (11±9.1) μM for 9 whereas the reported K R for 5 was 1.8 mM. [16] Because much lower concentrations of these compounds are needed for maximum activity, this might translate into a lower therapeutic dose. [17] 3)
The apparent rate constant versus concentration curve indicated a high degree of cooperativity; that is, there was a sharp increase in apparent rate constant with only a small increase in concentration of compound, thus indicating that more than one molecule is needed to interact with the enzyme in order to achieve maximum activity. The concentration dependence curve was best fit to a sigmoidal curve with a Hill coefficient indicative of cooperativity (for human AChE inhibited by 1, h=2.8±0.23, or by 2, h=1.6 0.1, Figure 2B , C). See Figure  S10 for reactivation of mouse AChE.
This raises the possibility that more than one molecule of ADOC (9) could be positioned within the active site by hydrophobic groups in a way that is analogous to the anchoring of the minimal nucleophilic group of pralidoxime (5) in advanced reactivators that are dimeric or pseudodimeric, such as asoxime (HI-6, 10, see Figure 2 , currently recommended instead of 5 in Europe).
We observed that the K i value for inhibition of free AChE [≈(30±12) μM, Figure S11 ] was similar to the half-maximal concentration of reactivation (K R ) with 1 [≈(11±9.1) μM, Figure  2B ], which can be explained by a model in which binding by reactivator is not blocked by the paraoxon adduct on the serine residue. We note that we have observed significant, irreversible inhibition of AChE at concentrations above 500 μM, possibly due to either the induction of conformational changes in AChE or more drastic denaturation.
In addition, we characterized the ability of ADOC (9) to facilitate the recovery of AChE from adducts with highly sterically hindered organophosphates, such as 2 ( Figure 2C ) and 11 [18] ( Figure 2D ). NIMP (11) is safer to handle than sarin (3), [19] yet it creates the same adduct with AChE. ADOC (9) was able to reactivate the adducts at lower concentrations than pralidoxime (5) and with rate constants that were much faster than those determined for most of the best available oximes, with the maximum rate constant for reactivation of 11-inhibited AChE approaching that of 10. We also synthesized and tested the reactivation of AChE inhibited by SIMP (11a), an analogue of soman (4), [20] and found similar results ( Figure S12 ).
The next question would be, "By what mechanism do these phenols reactivate AChE?". The suggestion that the mechanism is nucleophilic, similar to that of pralidoxime (5), is tempting, and there is precedence for a proposal that such a mechanism would be possible. [21] The abilities of various phenols to displace fluoride from nerve agents in solution were tested in early attempts to expand reactivation beyond oximes to other nucleophiles, but without subsequent reports of their practical use in reactivating inhibited AChE. [21] Also, nitrophenols [22] and coumarins [23] have been used as either colorimeteric or fluorogenic leaving groups in safer phosphylating agents to mimic nerve agents. [23] [24] Thus, it is reasonable to suggest that certain phenols, when present in excess, could push the reaction in the reverse direction: that is, towards reactivation (Scheme 2). Phenols that are used as good leaving groups in phosphylation have significantly lower pK a values (≈7) than the phenol functionalities of 6 and 7 (pK a =8-9, [25] which are more similar to oximes). [26] Yet, none of the experiments we performed, including the pH-profile of reactivation ( Figure  S13 ), precludes the possibility that the mechanism is the delivery of an external base to the active site of inhibited AChE, instead of a nucleophilic attack. In fact, the additional studies we describe next further supported this possibility.
Basic functionalities reactivate inhibited AChE
Knowing that ADOC was sufficient for reactivation, we expected choloroquine (CQ, 12), an analogue of 6 without a Mannich phenol moiety (Figure 3 ), to be inactive and attempted to use it as a negative control. To our surprise, our "negative control" also reproducibly reactivated human AChE inhibited by either 1 or 2 ( Figure 3A , B and Figure S14 ). Although 12 is much less toxic than 6, it is still used prophylactically for malaria with minimal side effects; [27] it is reported to distribute to brain tissues, [28] achieving concentrations sufficient for reactivation, on the basis of our in vitro results. However, it was not efficient in reactivating inhibited enzyme from other species ( Figure S14 ). Thus, it would be difficult to establish a reliable animal model for in vivo studies.
The activity of CQ (12) indicated that the 9-chloroquinoline ring might have a general role in the delivery of reactivation functionalities into the AChE active site, and that the low activity of 12 might be addressed by substituting the diethylamino group with other bases. Indeed, a chloroquine analogue with an N-alkylimidazole group-ICQ (13), readily synthesized in a two-step procedure from commercial starting materials (Supporting Information)-was a significantly more efficient reactivator than 12 ( Figure 3B ). This result inspired us to continue our screening and structure-activity relationship (SAR) studies, during which we confirmed reactivation activity with additional compounds containing similar pharmacophoric features: that is, a hydrophobic group connected to a base through linkers of variable lengths. Compounds containing a pyridine system, such as SP148 (14, Figure 3A , B), showed less reactivation than compounds containing imidazole, such as SP134 (15) , SP138 (16) , and their analogues with different spacers ( Figure 3A , B), so 15 and 16 were chosen for full characterization ( Figure 3C , D). ( Figure S15 shows that background hydrolysis of substrate by reactivator on its own was negligible under conditions identical to those of the reactivation assay.) We found that whereas ADOC (9) had a higher k 2 value for reactivation of paraoxon (1), the k 2 values for reactivation of DFP (2) inhibition by 15 and 16 were similar to that of 9 (Table S1 ). We also found that 16 reactivates AChE inhibited by NIMP (11) or SIMP (11a), analogues of the nerve agents sarin and soman, respectively ( Figure S16 ).
It is important to note that compounds that facilitate reactivation, whether through the delivery of a base or a nucleophile to the active site of AChE, might not necessarily completely recover the enzyme. In fact, most oximes do not fully restore the activity of AChE, [29] largely because of the parallel "aging" process (cf. Figure 1B ; β-elimination has also been reported). [19] We list the maximum extents of reactivation for these compounds in Table S1 .
Crystal structure reveals unique mechanism of reactivation
We attempted to co-crystallize all of these compounds with various forms of AChE in order to gain additional insight into the mechanism. We were successful in obtaining a crystal structure at 2.7 Å resolution of the adduct of DFP (2) and murine AChE in a ternary complex with two molecules of SP134 (15; we refer to these as SP134A and SP134B) in the active site region ( Figure 4A and Table S2 ). This agreed with our kinetics data: the concentration dependence of the observed rate constants for reactivation (k obs ) of 2-inhibited human AChE by 15 and by 16 were best fit to sigmoidal curves with Hill coefficients greater than 1, indicating cooperativity (15, h=1.8±0.20, and 16, h=1.4±0.13; Figure 3C , D; see Figure S17 for the concentration dependence of the rate of reactivation for 1-inhibited enzyme and for mouse AChE, and full kinetic parameters are listed in Table S1 ), confirming the functional relevance of this crystal structure. Although previous crystal structures of AChE have shown the ability of the enzyme to accept more than one ligand (for example, tacrine and acetylcholine), [30] this is a unique observation of two molecules within AChE in intimate contact with each other based on hydrophobic interactions.
The binding modes of SP134A and SP134B in the enzyme are best described by the positions of each of their imidazole groups. SP134B is oriented to deliver its imidazole group to the active site (AS), whereas SP134A has its imidazole group at the entryway of the peripheral anion site (PAS, Figure 4B , C). The binding site of AChE is lined by aromatic residues, and the interactions between the compounds and AChE are primarily hydrophobic in nature. For SP134A, the dichlorophenoxy group is surrounded by Trp236, Phe295, and Phe338. The pentamethylene linker is in the fully extended conformation and has good electron density ( Figure S18 ); it is sandwiched between Tyr124 and Trp286 and is close to Phe297. The imidazole is π-stacked with Tyr72 and located near Glu285. For SP134B, the dichlorophenoxy group is sandwiched between the pentamethylene linker of SP134A and Tyr341. The pentamethylene linker of SP134B is not in the fully extended conformation, with weaker electron density ( Figure S18 ), and has some interaction with Phe338. SP134B is positioned almost perpendicular to SP134A. The imidazole group is p-stacked against Trp86, and is close to the His447 of the catalytic triad. It is also close to the side chain of Glu202, just prior to the catalytic Ser203, another highly conserved residue among the AChEs.
Electron density for only one isopropyl group of DFP (2) was observed ( Figure S18 ), suggesting that the adduct of 2 with AChE had "aged" during the course of crystallization, thereby losing one isopropyl group (although we cannot rule out the possibility that the second isopropyl group is disordered in the crystal). The isopropyl group interacts directly with the phenyl group of SP134A, which might explain why compounds of this class have lower affinity for the uninhibited enzyme. In other words, the additional interaction between the isopropyl group left by 2 and SP134A in the inhibited enzyme might increase the binding affinity for reactivator, thus resulting in its K R value [≈(34±35) μM] being much lower than its inhibition constant, or K i , value [≈ (240±17) μM; see Figure S19 ]. Note that refinement in the calculation of values for K R is complicated by the high degree of cooperativity, which contributes to the variability in measurements within the narrow range of concentrations that elicits the most significant effect on the reactivation rate.
Binding of SP134B introduces a new basic residue into the active site. Its imidazole group is ≈4.5 Å away from the phosphorus atom of 2-modified Ser203 ( Figure 4D ), and this imidazole group can activate a water molecule for a nucleophilic attack to initiate reactivation. The proximity of Glu202 to this imidazole group suggests that it might play a role in reactivation as well. The non-extended conformation of the SP134B pentamethylene linker, with multiple gauche interactions, indicates that there is significant structural flexibility to adjust the position of the imidazole group of SP134B in the active site, consistently with our experimental observation that even analogues with shorter linkers are active. Because our structure probably represents an "aged" 2 adduct, it prevents us from hypothesizing about the exact events in the vicinity of the catalytic triad that lead to reactivation of non-"aged" adduct.
For comparison, we determined the structures of "aged", 2-modified mouse AChE at 2.4 Å resolution and of free AChE at 2.0 Å resolution (Table S2 ). These two structures have very similar conformations overall, with an rms distance of 0.32 Å for their equivalent Cα atoms. However, a comparison with the structure of the tertiary complex with two SP134 units reveals a large conformational change for residues crucial to the binding of SP134A (residues 286-297, Figure 4F , Figure S18 ). In fact, residues Phe295 and Phe297 in the free enzyme clash with the bound position of the dichlorophenoxy group of SP134A. The side chain of Phe295 has moved by up to 9 Å, and the side chain of Phe297 has twisted to accommodate a different rotamer. Trp286 has also undergone a conformational change to avoid a steric clash with the compound. In addition, the remaining isopropyl group of 2, with weak electron density, is rotated by ≈° relative to that in the 15 complex.
To the best of our knowledge, such a large conformational change for this segment of AChE has not been observed in other structures of this enzyme. This conformational change creates a hydrophobic pocket in the active site region for the binding of two molecules of 15 ( Figure 4E and F). A smaller conformational change for this segment was observed in the structure of "aged", 2-inhibited Torpedo californica AChE ( Figure S18 ). [31] However, the three aromatic residues in the segment (equivalent to Trp286, Phe295, and Phe297 of murine AChE) still assume conformations that are similar to those in murine AChE alone and would actually clash with the SP134A compound. In addition, the Arg residue that is equivalent to Arg296 of murine AChE assumes a different conformation in the main chain and the side chain.
The rotation of the isopropyl group of 2 to interact with the phenyl group of SP134A suggests that this hydrophobic interaction, unique to the inhibited enzyme, can be taken advantage of to minimize interactions with the active enzyme ( Figure 4B ). For example, we observed experimentally that SP134 (15) shows very little inhibition of AChE at concentrations that show high reactivation ( Figure 3D and inhibition curves in Figure S19 ). This is in stark contrast to active oximes with anchoring groups, which do not introduce new hydrophobic groups into the active site and are strongly inhibitory. [32] New reactivators are effective in vivo
Next we wanted to test the effectiveness of these compounds for reactivation of inhibited cholinesterase in vivo. Our initial considerations were the animal species and the OPC to use as a challenge agent. DFP (2) was chosen due to reported difficulty in reversing its effects with other reactivators, [33] and a mouse model was preferred in an academic setting. As a drawback to using mice, however, we had to increase the dose of 2, in order to overwhelm circulating carboxylesterases. [34] We found that a dose of 3 mgkg −1 of 2, when given subcutaneously (s.c.), cumulatively resulted in a 95% mortality rate in untreated mice (33/35 mice expired in less than ≈100 min after exposure; two mice survived, showing signs of severe neurological distress).
Before testing for in vivo reactivation, we established whether the compounds themselves caused acute toxicity. Initial testing showed that whereas ADOC (9) and SP138 (16) were tolerated quite well by the mice, SP134 (15) caused significant neuromuscular relaxant side effects, which eliminated it from further testing. Compounds 9 and 16 were also stable with both mouse and human liver microsomes and did not affect hepatocyte viability (Supporting Information). Of particular concern was the potential for toxicity by 9, because a proteinreactive quinone-imine species could be formed through oxidation of the 4-aminophenol group (cf., paracetamol [35] and amodiaquine). [23] To address this concern, we treated animals with a single dose of 9 at 120 mgkg −1 and examined the histology of liver slices two weeks after treatment (to allow for the development of signs of necrosis), and found that there were no differences between treated animals and untreated controls, ( Figure S20 ).
We then considered dosing strategies and determined that 9 and 16 were best suited for different routes of administration. Whereas 9 was soluble at the high concentrations needed for intraperitoneal (i.p.) injection, making it suitable for either pre-or post-exposure treatment, 16 could only achieve high concentrations as its corresponding salt and so it was used only in a model of prophylaxis through oral administration (mixed in daily chow).
We then demonstrated that two injections of 9 (at 60 mgkg −1 per dose), one given 20 min prior to challenge with a lethal dose of 2 (1.6×LD 50 , 3 mgkg −1 ) and then one within 5 min after challenge, offered full protection to the treated mice (nine out of nine mice survived to 24 h; cumulative results can be found in Table S3 ). However, when a highly inhibitory reactivator is administered before challenge with OPC, it is not possible to distinguish whether the protection afforded is from reactivation or from blocking of the AChE active site to prevent inhibition by the OPC. [36] To minimize this kind of competitive inhibition, we eliminated the pre-challenge dose of 9 and demonstrated that injection of 9 (120 mgkg −1 )
within five minutes post-exposure was sufficient to offer substantial protection to the mice. Collectively, six out of seven mice survived to 24 h, at which point they were sacrificed for tissue analysis. Furthermore, all mice treated with 9 showed immediate relief of neurological symptoms. This observation is very important as a control as well, because it shows that the activity is on inhibited enzyme, rather than against circulating nerve agent (which is not a likely proposition, but cannot be fully eliminated).
For the previous sets of experiments, we had used an "LD 95 " dose of DFP (2) (≈1.6×LD 50 ; dose: 3 mgkg −1 ; in our hands 33/35 animals expired within 100 min at this dose). To explore further the notion that ADOC (9) might be reaching AChE prior to the 2 or reacting with the OPC prior to inhibition of the enzyme, we used a lower (0.8×LD 50 ) dose of 2 that was not lethal, but resulted in severe signs of OPC toxicity, and we delayed treatment with 9 until outward manifestation of toxicity was evident (15 min post-challenge). In all cases, we found that treatment of mice with 9 resulted not only in survival, but also in complete lack of outward physiological signs of OPC intoxication, with administration of 9 actually correlating with cessation of developing tremors and return to nearly normal behavior. Unfortunately, a single dose of 9 was unable to prevent toxicity when the amount of 2 was further increased (e.g., 2×LD 50 ), thus indicating a poor protective ratio of 9; this is likely an indication that pharmacokinetics might need to be optimized through creation of analogues. This has been addressed in oxime research in the past by continuous infusion [37] or by further anchoring.
Next, because SP138 (16) could only be given prophylactically, we addressed the possibility that it could prevent the effects of the OPC by binding at the active site and blocking the agent from gaining access to it. In order to determine the potential for in vivo reactivation by 16, we tested its ability to reactivate cholinesterase ex vivo in brain tissue harvested from untreated mice that had been exposed to DFP (2), and found significant reactivation ( Figure  S21 ), indicating that actual reactivation can happen in vivo, in the presence of the compound. We also note that 16 is only mildly inhibitory to AChE ( Figure S19 ), and that the estimated concentration of 16 for the entire treatment dose in the average blood volume of a mouse [38] would be well below the measured K i value for 16. We fed mice with 16 prior to challenge with an otherwise lethal dose of 2 and observed that it offered them significant protection (cumulatively, with different dosing strategies, 15 out of 17 animals survived to 24 h; see Table S4 ).
In order to correlate survival with in vivo reactivation, we measured cholinesterase activity across a panel of tissues from both treated and control mice. We show representative experiments ( Figure 5 ), in which all the mice treated with ADOC (9) and SP138 (16) were alive at 24 h and showed no visible signs of neurotoxicity. The animals were sacrificed at 24 h, their tissues were harvested, and cholinesterase activity was measured by a standard Ellman's assay, [39] except for the analysis of whole blood, in which DTP (2,2′-dithiodipyridine) [40] was used in place of DTNB [5,5′-dithiobis(2-nitrobenzoic acid); activity was normalized for the amount of total protein in each sample]. Cholinesterase activity was measured across a panel of tissues and set relative to the activity in tissues from untreated, unchallenged mice. We note that we are unable to distinguish the contribution of activity that was specifically due to AChE from this; some activity might have been due to the presence of other esterases (such as butyrylcholinesterase); however, our control animals still give us an estimate of the activity had they been left untreated as a point of reference. Untreated animals expired within 100 min, and their tissues were harvested immediately afterwards. As an additional control, we challenged mice with a lower dose of 2 (2.5 mgkg −1 ), after which all three mice survived for 24 h with outward signs of neurological distress. The animals were then euthanized, and their tissues were used to obtain an estimate for the minimal cholinesterase activity needed for survival and as a control for any newly synthesized AChE in the period post-exposure. This control was important because any cholinesterase activity above that seen in mice that survived exposure to a low dose of 2 could be attributed to actual reactivation, rather than de novo synthesis, and the relative absence of neurological sequelae could then be attributed to protective effects of treatment with reactivator.
In animals treated with either ADOC (9) or SP138 (16), we found that cholinesterase activity was restored in all tissues examined, including CNS tissues across the blood-brain barrier (BBB); activity in tissues from the untreated control groups given DFP (2) was lower in each tissue group examined. In parallel, we treated mice with an equivalent amount of pralidoxime (5), using the dual dosing strategy pre-and post-challenge (120 mgkg −1 total), and found that the average activity in tissues from those animals was consistently lower than that from animals with the dual dose of 9. Importantly, in brain and CNS tissues, the animals treated with either dosing strategy, with 9 or 16, had an average cholinesterase activity that was notably higher than that in mice treated with 5, possibly indicating the potential for penetration across the BBB. We note that that the measurement of AChE activity in recipients of treatment both before and after exposure to 2 had more scatter in activity, possibly due to individual differences in metabolism during the 20 min prior to challenge.
Cumulative experiments (Tables S3 and S4 ) from multiple experiments support these results within expected variation. Different cohorts of the same strain of mice showed differences in susceptibility to DFP (2); [41] although these variations make it difficult to come to firm conclusions regarding translation to effective dosing and protection strategies for humans, they do not prevent clear conclusions relating to the ability of these compounds to reactivate cholinesterase inhibited by a sterically hindered agent in vivo and ultimately to protect animals against its toxicity.
Conclusion
For the past 60 years, the improvement of oximes has been the sole focus of research into reactivation of AChE. Yet, as a result of a single screen, we have discovered that Mannich phenols and base catalysts are as efficient at reactivating AChE and provide significant protection to animals exposed to otherwise lethal doses of OPCs. This opens up new avenues to address organophosphate toxicity through further medicinal chemistry optimization. [17] Additional knowledge about subtleties of the mechanism and ternary complex formation should serve as the foundation for new optimization efforts, but even this generation of synergistic base-delivering reactivators shows solid activity both in vitro and in vivo. [17] In retrospect, both classes of compounds could have been predicted to reactivate inhibited AChE. For Mannich phenols, it could have been argued that because phenols are commonly used as leaving groups for phosphylation of AChE, [21] it would be expected that the reaction could be reversed, if properly selected phenols were present in excess. As for basic functionalities, it had been shown previously that site-directed mutagenesis could introduce new basic residues (histidines containing imidazoles), which resulted in modest phosphodiesterase activity, [42] so it is not surprising that similar activity can be achieved by their extraneous delivery.
In terms of function, these are deceptively simple molecules, but because the actual delivery of the functional groups to the active site of AChE is complex, their ability to reach their target might be the reason why their earlier discovery was hindered: notably, the most efficient reactivators in both classes required a cooperative mechanism in order to achieve maximum activity. From our crystal structure, we can see a further level of complexity in that the cooperativity is not just the result of a compound causing a rearrangement of the enzyme, but that the molecules self-assemble within the active site to form a dimer. In addition, as demonstrated in the case of SP138 (16), they can interact in this manner with added efficiency by avoiding inhibition of the native enzyme.
AChE is historically one of the best-studied enzymes, yet self-assembly within its active site has never been reported before, let alone self-assembly that accomplishes a new function. Dimerization within the active site not only delivers the functional group, but it also expands the active site, and rearranges and positions alkyl groups near the phosphylated serine (the absence of which results in decreased affinity, and thus has the advantage of having low inhibition of the native enzyme), while leaving sufficient flexibility for formation of productive intermediates. To the best of our knowledge, similar self-assembly such as this within an active site has not been reported with any other enzymes.
Along with broadly increasing the understanding of conformational flexibilities in enzymes and other proteins, [43] these findings might provide a more general inspiration for a way to increase complexity of functions and biological activities in structurally simple molecules.
Experimental Section Materials
Purified, recombinant AChE was obtained from Chesapeake PERL, Inc. (C-PERL, Savage, MD, USA). Compounds libraries screened were from MicroSource Discovery Systems (Gaylordsville, CT, USA) and ChemBridge (San Diego, CA, USA). AChE was immobilized on NUNC MicroWell plates with Nunclon Delta surface (for optimization of the screen see the Supporting Information). Acetylthiocholine (ATCh), DTNB, and DTP were from Sigma-Aldrich. All other commercially available compounds were purchased from ChemBridge or Sigma-Aldrich; compounds that were not available were synthesized inhouse.
Chemistry
All solvents and reagents were obtained from Sigma-Aldrich and used without further purification. Analytical thin-layer chromatography (TLC) was performed on aluminium plates precoated with silica gel, also obtained from Sigma-Aldrich. Column chromatography was carried out on Merck 938S silica gel. Proton NMR spectra were recorded with a Varian 400 MHz NMR spectrometer. Spectra were referenced to the residual solvent peak, and chemical shifts are expressed in ppm from the internal reference peak. All compounds described were of >95% purity. Purity was confirmed by analytical LC/MS recorded with a Shimadzu system. Elution started with water (95%, +0.1% formic acid) and acetonitrile (5%, +0.1% formic acid) and ended with acetonitrile (95%, 0.1% formic acid) and water (5%, 0.1% formic acid) and used a linear gradient at a flow rate of 0.2 mLmin −1 . The molecular ions [M] + , with intensities in parentheses, are given, followed by peaks corresponding to major fragment losses. Melting points were measured with a MEL-TEMP II melting point apparatus and are reported uncorrected. For synthesis details and results see the Supporting Information.
Solid-phase high-throughput screening assay
Enough AChE enzyme was deposited overnight on NUNC MicroWell plates in P-buffer [sodium phosphate (100 mM), NaCl (100 mM), pH 7.4] to achieve a rate of hydrolysis of ATCh that resulted in an OD 412 of ≈1 (from breakdown of DTNB) [38] within 7-10 min. The plates were washed three times with P-Buffer to remove excess AChE before addition of the reaction components. Initial screening was performed with paraoxon (1) as the inhibiting OPC; any potential hits underwent additional characterization with DFP (2). Greater than 99% inhibition of the immobilized AChE was achieved after incubation with excess 1 (200 nM) for 10 min, and any remaining free 1 was washed away with 1× PBS. Either P-buffer, final DMSO (0.1%, for control reactions to match DMSO concentration in compound library), or library compounds at a final concentration of 10 μM each were added and allowed to incubate for 3 h. Any products from the reactivation reaction were washed away as previously described. Recovery of AChE activity was measured by use of a standard Ellman's assay [39] to determine the rate of ATCh hydrolysis upon addition of ATCh and DTNB (2 mM each). Controls in which no reactivator compound was added were performed, allowing us to determine if there was any spontaneous reactivation. Those compounds that resulted in an increase in AChE activity greater than three standard deviations above the controls in which no compound was added were considered hits.
Solution-phase reactivation assays
To confirm that our hits would have similar activity on the free enzyme as on the immobilized AChE, we developed a solution-phase assay for reactivation. Firstly, AChE (320 μgmL −1 , 4.7 μM active site concentration) was incubated with enough OPC to give >95% inhibition. This varies, based on the type of enzyme (mouse, human, or guinea pig) and the OPC used, and ranged from four-to 350-fold excess. Any excess OPC was removed by applying the mixture to a GE Health-care PD minitrap G-25 column (catalogue number 28-9180-07). After the enzyme had been run over the PD10 column, the protein concentration was too low for direct measurement, so a parallel sample that had not been treated with OPC was also run in order to have a control from which we could calculate maximum AChE activity. The enzyme that was recovered from the column was then diluted 1:25 in P-buffer (see above) and BSA (0.25%) to stabilize the enzyme and reduce residual OPC concentration. All chromatography steps and subsequent handling of the enzyme were done on ice immediately prior to that day's experiment, to reduce the formation of "aged" adducts.
The recovered enzyme was treated with varying concentrations of compound and allowed to incubate at room temperature for 3 h [in some cases, huAChE inhibited by DFP (2) required more time for complete reactivation and was left to incubate overnight]. Many of our stock compounds have DMSO in them; when this was the case, we matched the DMSO concentration in each subsequent dilution, in order to eliminate any background effects of dilution of DMSO (i.e., the concentration of compound was changed, but the concentration of DMSO remained the same in each reaction). Also, equivalent amounts of DMSO were added to control reactions without compound in order to have a direct comparison of the effect of DMSO itself on the enzyme. For this reason, slight differences in enzyme activity in the absence of compound are seen, due to the fact that we adjusted for what else we were adding with the compound. We added a 1:100 dilution step after reactivation in order to eliminate possible negative/inhibitory effects of the compound on AChE (a 100-fold dilution brings even the maximum concentration of compound tested well below the K i value). After dilution, ATCh and DTNB were added (2 mM each final), and activity was measured at 412 nm. Reactions were done in triplicate or in duplicate on multiple days (minimum of quadruplicate, in those cases). Error bars show the standard deviation.
Activity is expressed in terms of % reactivation, a measure of how much activity is restored relative to the uninhibited control that is run in parallel. In order to calculate % reactivation values, we used the following formula:
where v react is the rate of the reactivated enzyme as defined by the following:
where v t is the rate of hydrolysis by the OPC-inhibited enzyme at a given time t (after incubation with reactivator), and v 0 is the rate of hydrolysis by the control OPC-inhibited enzyme in the absence of reactivator. This would account for any spontaneous reactivation. The bottom denominator, v full , is the full rate of hydrolysis by the enzyme and takes into account any effect of the reactivator on the enzyme itself, which is obtained by use of the following equation:
where v free is the activity of the enzyme in the absence of OPC or reactivator and v free+R is the rate of hydrolysis by the free enzyme incubated with reactivator. We note that with our dilution step, the effect of reactivator on enzyme itself was negligible. In parallel, under identical conditions, we also ran controls with just reactivator, to see background hydrolysis of ATCh due to the reactivator itself ( Figures S4 and S15 ) and found it was also negligible. We note that extended incubation with ADQ (6) or ADOC (9) seemed to have increasing irreversible inhibitory effects on specific forms of AChE. Although this is noteworthy and interesting, we did not pursue this finding further and chose only to use conditions (shorter incubation times or lower concentrations) under which this inhibition was eliminated.
By stopping the reactivation reaction at various time points, we were then able to measure the rate of reactivation over time. Full discussion of the determination of reactivation rate constants can be found in the Supporting Information.
AChE inhibition
The direct effects of these compounds on AChE were tested by firstly adding the compound in question to AChE and then adding ATCh and DTNB to follow enzyme activity. Full substrate concentration-dependence curves were generated in order to calculate V max and K m values at increasing concentrations of reactivation compound, and these were then used to determine K i and mechanism of inhibition.
X-ray crystallography
The recombinant, truncated, untagged mouse acetylcholinesterase (AChE) was obtained from Chesapeake Perl. The apo-AChE protein was crystallized at 4°C in PEG 600 (30%, v/v) and sodium citrate (pH 6.5, 0.1 M), by the sitting drop vapor diffusion method. The concentration of the protein was 6 mgmL −1 , and the crystals took approximately three weeks to grow to full size. For the DFP (2) adduct, AChE was incubated with 2 (10 mM) for one hour before crystallization under the same conditions as used for the apo enzyme. To prepare crystals of the DFP·SP134·AChE ternary complex, crystals of the DFP·AChE binary complex were soaked with SP134 (10 mM) for 16 h. The crystals were flash-frozen in liquid nitrogen for data collection at 100 K. Diffraction data for AChE were collected at the X29A beamline of the National Synchrotron Light Source (NSLS), with use of a Quantum 315 CCD X-ray detector (Area Detector System Corp.; (Poway, CA, USA). All data sets were collected at a wavelength of 1.075 Å with 1° oscillation range. The crystals belong to space group P2 1 2 1 2 1 and contain two monomers in the crystallographic asymmetric unit. All the data sets were indexed, integrated, and scaled with the aid of the HKL2000 program suite. [44] The data processing statistics are summarized in Table S2 . The crystals are isomorphous to those of mouse AChE reported earlier. [30b,45] The structure refinement was carried out by use of the programs Refmac [46] and Phenix. [47] The atomic model was manually fit into the electron density with the aid of the program Coot. [48] The refinement statistics are shown in Table S2 .
Animals
Balb/C mice of approximately 6-8 weeks in age were obtained from Jackson Laboratories. The mice were housed and cared for at the University animal facilities, and all experiments were carried out under approval of the Columbia University Medical Center Institutional Animal Care and Use Committee (protocol #AC-AAAG1818). Animals in distress were euthanized immediately. Mice were challenged with DFP (2), which was given subcutaneously. ADOC (9) or pralidoxime (5) were formulated in saline before administration intraperitoneally, either before and/or after challenge agent, as described. In either dosing strategy, animals were given a total of 120 mgkg −1 of 9 or 5. ADQ (6) and SP138 (16) were mixed with daily chow and fed to mice in the various dosing strategies described and summarized in the Supporting Information (Tables S3 and S4 ). Animals that survived to 24 h were sacrificed, and their tissues were harvested. Tissues from animals that expired within 100 min due to acute DFP (2) poisoning were harvested immediately. Tissue lysates were prepared by homogenizing in 1× PBS and Triton X-100 (1%), and total cholinesterase activity was measured by a standard Ellman's assay, [39] except in the analysis of whole blood, in which DTP [40] was used in place of DTNB. Total protein in each tissue sample was measured by BCA assay, and activity was normalized for amount of protein added to each reaction. Activity is expressed relative to control animals that were not treated with reactivation compound and not challenged with OPC.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Scheme 1.
AChE activity, inhibition, and reactivation. A) AChE functions to hydrolyze the neurotransmitter acetylcholine. B) The catalytic triad of the active site of AChE is vulnerable to inhibition by organophosphates. C) Examples of common organophosphates used as active principles in pesticides and nerve agents that covalently modify the serine residue in the AChE active site. Newly identified reactivators of AChE. A) Structures of the traditional oxime reactivator pralidoxime (5) and of the recently identified hits from our screening assay: ADQ (6), and scopoletin (7). B), C) Concentration dependence of reactivation of paraoxon-inhibited (1-inhibited) human AChE: B) by scopoletin (7), or C) by ADQ (6) . D) Concentration dependence of reactivation of 1-inhibited human (purple), mouse (blue), or guinea pig (orange) forms of AChE at increasing ADQ (6) concentrations. Reactivation was allowed for 3 h at room temperature. All reactions were repeated in triplicate or in duplicate on multiple days. Errors bars show the standard deviations. Additional investigation into reactivation by these compounds. A) Structures are shown for: compound 8, an example of a compound containing a Mannich phenol that was identified to have significant reactivation activity, ADOC (9), the minimal functional group that is highly active, HI-6 (10), the oxime currently used as a therapeutic in Europe, and NIMP (11), a safer nerve agent analogue that leaves the same adduct as sarin (3) in the AChE active site. B), C) Concentration dependence of reactivation by 9 of B) 1-inhibited, or C) 2-inhibited human AChE. Reactivation by 9 is much faster than reactivation by pralidoxime (5, gray) and is best fit by a sigmoidal curve, indicative of cooperativity. D) Reactivation of the sterically hindered adducts left by 11 on huAChE. ADOC (9, green) is much more efficient than standard oximes pralidoxime (5, gray) and obidoxime (purple) and reaches the activity of HI-6 (10, blue). Reactivation of AChE with analogues of 6. A) ADQ (6) was the starting point for optimization, leading to chloroquine (CQ, 12) and ICQ (13) , and then the SP series [e.g., SP148 (14) , SP134 (15) , and SP138 (16)]. B) Reactivation by different analogues of 6 (12.5 μM each) of 1-inhibited (left) and 2-inhibited (right) human AChE. Analogues of 15 and 16 with different linker lengths were synthesized; the difference in the number of carbon atoms (n) in the linker is indicated as +1, +2, etc. Activity is expressed relative to uninhibited enzyme. C) Concentration dependence curve for the reactivation of human AChE inhibited by 2-variously with 15 (blue), 16 (orange), or pralidoxime (5, 2-PAM, gray), with 15 and 16 being more efficient. D) Kinetics of reactivation by 15 of 2-inhibited mouse AChE were best fit to a sigmoidal curve with a Hill coefficient of ≈(2.5±0.31), agreeing with the crystal structure in Figure 4 . Inset shows narrow range of the titration curve. All reactivation reactions were done in triplicate or in duplicate on multiple days (minimum of quadruplicate). Error bars show standard deviations. Full kinetic parameters can be found in Table S1 . Cholinesterase activity in mouse tissues after challenge with DFP (2). Animals were treated with 120 mgkg −1 total of ADOC (9) either 5 min after challenge (solid green circles) or 20 min before and 5 min (60 mgkg −1 per dose) after exposure (open green circles) to an otherwise lethal dose of 2 (3 mgkg −1 ). Another group of animals were fed 1 mg a day of SP138 (16, orange) for three days prior to exposure. All treated animals survived 24 h, after which tissues were collected and cholinesterase activity was measured. Activity from the treated animals was significantly higher than that from untreated control animals (i.e., 2 only), which expired within 90 min and are shown in black (two animals from each experiment). For comparison, three animals were treated with a lower dose of 2 (solid gray circles); they all survived for 24 h, albeit under visible distress, unlike the treated animals. Activity in tissues from across the BBB was also significantly higher than activity from a group of mice treated with pralidoxime (5) both 20 min prior to and 5 min post exposure (open gray circles). Activity is reported as the % activity in the samples relative to cumulative activity from tissue samples of control animals that were untreated and unchallenged. Activity measurements were repeated in triplicate and averaged; samples were normalized for protein content. Error bars show the standard deviation within each cohort of animals.
